Purpose Changes in the circadian rhythm may contribute to the development of cancer and are correlated with the high risk of breast cancer (BC) in night workers. Melatonin is a hormone synthesized by the pineal gland at night in the absence of light. Levels of melatonin and the metabolite of oxidative metabolism AFMK (acetyl-N-formyl-5-methoxykynurenamine), are suggested as potential biomarkers of BC risk. The aims of this study were to evaluate levels of melatonin and AFMK in women recently diagnosed with BC, women under adjuvant chemotherapy, and night-shift nurses, and compare them with healthy women to evaluate the relation of these compounds with BC risk. Methods Blood samples were collected from 47 women with BC, 9 healthy women, 10 healthy night shift nurses, and 6 patients under adjuvant chemotherapy. Compound levels were measured by mass spectrometry. Results and conclusions Our results showed that women with BC had lower levels of melatonin compared to control group women, and even lower in night-shift nurses and in patients under adjuvant chemotherapy. There was no significant difference of AFMK levels between the groups. In addition to this, high levels of melatonin and AFMK were related to patients with metastasis, and high levels of AFMK were related to the presence of lymph node-positive, tumor > 20 mm and patients who sleep with light at night. Our results showed a reduction of melatonin levels in BC patients, suggesting a relation with the disease, and in addition, point to the importance of melatonin supplementation in women that work at night to reduce the BC risk.
Introduction
Breast cancer is the most frequent type of cancer in women worldwide. High risk of BC development has been related to the breakdown of the circadian cycle by shift work and the presence of artificial light at night, a common factor in modern life [1] . Circadian rhythmic disruption can block the nightly production of melatonin (N-acetyl-5-methoxytryptamine), an endogenous hormone synthesized from serotonin by the pineal gland during the night [2, 3] . Serotonin is acetylated to N-acetylserotonin by the enzyme arylakylamine N-acetyltransferase (AANAT) and is then converted into melatonin by the enzyme hydroxyindole-Omethyl-transferase (HIOMT). Melatonin production follows a rhythmic pattern with secretory peak between 3 a.m. and 4 a.m. in the absence of light, and once secreted, it is distributed to various body tissues and organs and is not stored [4, 5] . The light stimulus in the retina inhibits the action of AANAT, inhibiting the conversion of serotonin into Nacetylserotonin and consequently blocking melatonin production [6, 7] . Three main pathways are described to melatonin degradation: (i) indolic pathway, (ii) alternative indolic pathways, and (iii) kynuric pathway that produce N 1 -acetyl-N 2 -formyl-5-methoxykynuramine (AFMK), which involves melatonin oxidative pyrrole-ring cleavage. A study by Ferri and colleagues (2005) indicates that the conversion by kynuric pathway can reach one-third of melatonin catabolism [2, 8, 9] .
In the kynuric pathway, studies have shown that melatonin acts as an antioxidant by interacting with free radicals. AFMK is also a potent antioxidant, as effective as melatonin, and its synthesis can occur by enzymatic action of indoleamine-2,3-dioxygenase (IDO1) and reactive oxidative species (ROS) [10, 11] . Following the antioxidative cascade, AFMK can be further converted to AMK (N-acetyl-5-methoxykynuramine) by N-deformylation [12] .
Several actions related with physiological, metabolic, and behavioral events are described to melatonin, such as regulation of endocrine phenomena independent of the hypothalamic-pituitary-gonadal axis, thermoregulation, regulation of the cardiovascular system, activity-rest and wake-sleep cycles, immune system, growth, and aging [2, 10, 13, 14] . Melatonin also has important functions in cancer, showing oncostatic and oncoprotective effects on breast tumors, which include cell cycle regulation, inhibition of proliferation and promotion of apoptosis, a role in DNA repair and tumor suppression by angiogenesis and metastasis inhibition. [2, [15] [16] [17] Melatonin low levels can be related with the risk of cancer development, principally in night workers [1, 2] . In 2001, Schernhammer and colleagues showed that night shift workers have increased risk of BC development [18] . Following this, the World Health Organization designated nightshift work as a risk factor for the development of BC [19] .
As described, melatonin has inhibitory and antiproliferative effects on tumor cells and, as the molecule of AFMK, have potent antioxidant capacity, both act to reduce harmful effects caused by oxidative stress through exposure to night light and/or by tumor cells. According to the literature, it seems clinically relevant to evaluate the levels of melatonin and AFMK in BC patients and high-risk women (night work). Thus, in this study, we evaluated the serum levels of melatonin and its metabolite AFMK in women with recently diagnosed BC and under adjuvant chemotherapy, compared with healthy women to evaluate the relation with BC development and action as antioxidant caused by chemotherapy. Nurses working night-shifts were evaluated to verify the influence of light at night on melatonin and AFMK levels. In addition, the levels of melatonin and AFMK were compared with the clinical pathological characteristics of BC patients to verify its potential correlation with prognosis.
Material and methods

Blood samples
The project was approved by the ethics committee of São José do Rio Preto Medical School (number 682.062).
Approximately 10 mL of blood was collected in tubes with EDTA anticoagulant from a total of 47 BC patients (mean age 57), without treatment or surgery, diagnosed at the Gynecology and Obstetrics Service of the Cancer Institute of the Hospital de Base of São José do Rio Preto, São Paulo, Brazil; in addition, ten blood samples were taken from nurses that work exclusively at night and six samples from woman diagnosed with BC during adjuvant chemotherapy. The control group consisted of blood samples from nine women with no history of cancer paired with BC patients by age. All women signed informed consent term and were asked about the quality of sleep and the amount of light in the room at night. The samples were collected between 7 a.m. and 9 a.m., because of the stop synthesis of the compounds at the beginning of the photoperiod of the day, consequently, its level decreases during the day. Plasma was separated and immediately stored at −80°C for further extraction.
The tumor type and subtype, including TNM information (tumor size, lymph node involvement, and metastases) were collected in the Pathology Service of the Hospital de Base of São José do Rio Preto.
Melatonin and AFMK extraction
Plasma samples were thawed and transferred to a 15 mL falcon tube in ice and protected from light. Dichloromethane 1:1 was added and the samples were vigorously vortexed. Subsequently, samples were centrifuged at 6500 rpm for 10 min at 4°C and the organic phase (bottom) was separated into a 2 mL tube. The dichloromethane was dried in nitrogen gas and samples were stored in at −80°C for further analysis.
Dosage of melatonin and AFMK by mass spectrometry
A mass spectrometry system coupled to an HPLC (High Performance Liquid Chromatography) was used (model Xevo ® TQ-S -Waters, Milford, Massachusetts, EUA) with a Phenomenex ® C18 (100 × 4.6 mm, 2.7 µm) column.
HPLC conditions were set in gradient with A (H 2 O + formic acid 0.1%) and B (acetonitrile + formic acid 0.1%) and 50% of B for 5 min, 90% of B for 2 min and 50% of B until 15 min. The dried samples were re-suspended in 150 μl of acetonitrile. The injection volume was 10 μL for the standards and for the samples.
Mass spectrometer conditions were set in capillary voltage 320 kV, font temperature 150°C, desolvation gas temperature (N2) 350°C, desolvation gas flow 600 L/h, collision gas 0. For quantification, a standard curve was performed with 11 points of melatonin and AFMK standard concentrations between 1 pg/ml and 200 pg/ml and the curve equation was used to determine the concentration of these molecules in samples by the peak area of each compound. Both curves presented R 2 > 0.99.
Chemicals
Melatonin, acetonitrile, and dichloromethane were purchased from Sigma Aldrich (St. Louis, Missouri, EUA) and AFMK from Cayman Chemical Company (Ann Arbor, Michigan, EUA).
Statistical analysis
The results were subjected to statistical analysis using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA, USA). Levels of melatonin and AFMK between groups (control, BC patients, shift work nurses, and women under adjuvant chemotherapy) and between different clinicopathological data were compared by Mann-Whitney or paired-Student t-test. Multiple comparison analysis was performed using one-way ANOVA followed by Bonferroni. Spearman correlation was performed to evaluate the correlation of metabolite levels and age of the patients, tumor status of ER, TNM, quality of sleep, and room light at night. The results were considered statistically significant when p was < 0.05. Data are pretended with mean ± standard error of the mean (S.E.M.).
Results
Plasmatic level of melatonin and AFMK in women with breast cancer
Levels of melatonin and its metabolites were evaluated in BC patients, night shift nurses and women in adjuvant chemotherapy, and compared with healthy women, considered the control group. In group analysis, melatonin levels were higher and statistically different in control group compared with women from the other groups (p ≤ 0.05), while AFMK levels did not present significant differences between experimental groups (p > 0.05) (Fig. 1a, b,  respectively) . In paired test, women with cancer were paired with control group according to age and sleep quality. Paired t-test showed that there was a statistically significant difference (higher in control group than cancer group) between melatonin levels (p < 0.001; Fig. 2 ). Melatonin levels were also significantly lower in women with cancer and metastasis when compared with women with cancer but without metastasis (p < 0.05). There was no difference between melatonin levels and T1 vs. T ≥ 2 primary tumor size, presence of lymph node involvement or not, and although there was a tendency to have a higher concentration in the group of women with cancer who sleep without light at night, it was not statistically significant in relation to women who sleep with some light source (p > 0.05).
When comparing AFMK levels between groups with no metastasis and presence of metastasis (M0 and M1, respectively), tumor size (T < 1 and T ≥ 2), and lymph node involvement (N0 for no involvement and N1 for involvement), AFMK were significantly higher (p < 0.05) in M1, Fig. 1 Levels of melatonin (a) and AFMK (b) in control group, BC group, night shift workers, and women in chemotherapy (chemo). Control group has higher level of melatonin than cancer group, women in adjuvant chemotherapy (chemo) and night-shift nurses. AFMK levels did not differ between groups, despite a tendency to decrease in the group undergoing chemotherapy. *Indicates statistical difference compared to the control group (p < 0.05) T ≥ 2, and N1 and in patients who sleep with no light in the room at night.
Regarding the clinical pathological characteristics of BC patients, results showed that melatonin levels were significantly higher in patients with distant metastasis (p = 0.02; Table 1), and there was no correlation with the other characteristics (p > 0.05; Table 1 ). High levels of AFMK were related to tumor size higher than 2 mm (T ≥ 2), regional lymph node-positive and metastasis (p < 0.05, Table 1 ). Moreover, a significant correlation between a low level of AFMK and the presence of a considerable light source in the room at night (p < 0.05) was also observed.
Spearman correlation test
A statistically significant correlation was observed between melatonin and AFMK levels and the clinical pathological characteristics, sleep quality, and presence of light in room at night using the Spearman correlation test. A negative correlation was found between age and sleep quality at night before blood collection. In addition, positive correlations were found between levels of melatonin and AFMK with the presence of metastasis and there was a positive correlation between light in the room at night and sleep quality the night before blood collection ( Table 2 ).
Discussion
The master biological clock located in the suprachiasmatic nucleus receives information about the photoperiod and controls the circadian cycle and melatonin synthesis [2, 20, 21] . Thus, the increase of melatonin levels at night informs the body that it is nighttime and restores the metabolic and homeostatic state to normal rates [22] .
Melatonin is an important tumor suppressor and its production in the nocturnal period is directly related to the expression of clock genes (e.g., Per1, Per2, Bmal, Clock, Cry1) and its deregulation by circadian cycle breakdown, therefore, low melatonin production causes increased replication errors and mutations in DNA. Thus, circadian cycle deregulation inhibits tumor suppression functions of melatonin in diverse tissues, including breast. [1, [23] [24] [25] According to these studies, lower levels of melatonin are Tamarkin (1982) in patients with BC with ER-negative tumor [26] . Several studies indicate that bright light, up to 2500 lux, and devices with light source at night also alter melatonin levels [27] [28] [29] [30] [31] [32] . In fact, recently the increased risk of BC has been associated with night workers, which is related with the interruption of melatonin production [7] . According to the study by Cordina-Diverger and collaborators (2018), pre-menopausal women have increased risk of BC development when there is a high and long exposure to light at night [33] . Therefore, women who work during the night may have increased risk of developing BC due to constant lowered melatonin levels. Our results corroborate these data, which showed low levels of melatonin in night shift nurses in comparison to women without a history of cancer and without nocturnal activities. In addition, elevated levels of AFMK were related to women who slept without a light source in their bedroom at night. The absence of light may contribute to the increase in melatonin levels and consequently higher metabolism in AFMK, which may explain the high level of this metabolite.
Regarding the clinical pathological factors, a study by Bartsch and colleagues (1989) showed that the level of nocturnal melatonin was inversely proportional to the size of breast tumors in women [34] , however, there was no correlation between tumor size and melatonin levels in our study. Nevertheless, patients with tumors > 20 mm (T ≥ 2) had higher AFMK levels than patients with T1. Perhaps due to the higher oxidation rate of melatonin due to the stress caused by the increased number of tumor cells.
Numerous anticancer effects of melatonin are established in the literature, including antiestrogenic [35, 36] , antiproliferative [37, 38] , anti-metastatic [39, 40] , pro-apoptotic [41] [42] [43] , antioxidant [44] [45] [46] , anti-angiogenic [1, 16] and immuno-enhancing effects [47, 48] . Moreover, González-González and colleagues in 2018, after a review of the literature, conclude that there is evidence that melatonin might be an important treatment against high risk of BC [49] . These studies highlight the protective action of melatonin in BC, suggesting a function of reducing the risk of developing this type of neoplasia.
Following the melatonin relation to downregulation of metastasis-related genes and key genes in angiogenesis [2] , in our study melatonin levels were not correlated with ER status, However, higher levels of melatonin and AFMK were correlated with the presence of distant metastasis and AFMK level with lymph node involvement (N > 0). There is no evidence of high levels of melatonin and AFMK in cancer metastasis. Our supposition is that T lymphocytes produce all the enzymes necessary to synthesize considerable levels of melatonin. Thus, it is suggested that the invasion of lymph node and other tissues by tumor cells can increase the local immune response and, as a consequence, increase the melatonin levels. [48, [50] [51] [52] In addition, tumor cells in the lymph nodes increase the expression of IDO1 enzyme that suppresses the action of T lymphocytes, through the activation of regulatory T cells (T reg ), that escape from the host immune system. This enzyme is involved in one of the main pathways that catabolize the conversion of indoleamines (tryptophan, serotonin, and melatonin) into kynurenines (formylkynurenine, formyl-5-hydroxykynurenamine, and AFMK, respectively) [53] [54] [55] [56] [57] . This data can explain the high levels of AFMK observed in patients with lymph node-positive, and metastasis could be a consequence of the melatonin production by the local immune cells. It is known that several actions of melatonin occur through its membrane receptors coupled to G proteins (MT1 and MT2), but because it is lipophilic, melatonin can also cross the cell membrane acting directly in modulation of intracellular proteins and performing antioxidant activity [9] . The antioxidant action of melatonin is related to tissue protection by eliminating ROS and nitrogen species, and, in the activation of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR). When this antioxidant action occurs, the conversion of melatonin into AFMK also occurs, independent of enzymatic action [10] . In this context, we found that patients under adjuvant chemotherapy showed lower levels of melatonin compared to control group women, which can be related with its antioxidant potential against the oxidative stress and cell death caused by chemotherapy.
AFMK is a potent antioxidant and it can be deformylated by arylamine formamidase or hemoperoxidase to AMK [9] . In addition to the antioxidant action, AFMK also has antiinflammatory functions in acute pancreatitis and it can also control melanocytes in vitro [10] . Treatment with high doses of AFMK in pancreatic cancer cell line (PANC-1) increased heat shock proteins (HSP), which are related to control of proliferation and protection against cell damage [58] . There are few studies in the literature relating the AFMK with cancer.
In conclusion, our results show that melatonin serum levels are lower in BC patients and in nurses that work at night, indicating a possible factor that may be related to the risk of cancer. In addition, higher levels of melatonin and AFMK are related with clinical pathological characteristics of the BC patients, such as metastasis and lymph nodepositive, suggesting a relationship with inflammatory response. Taken together, our results suggest that the maintenance of the circadian cycle and the absence of light sources at night, and therefore normal levels of melatonin and AFMK, are important factors that may indicate the risk of BC development. The analysis of serum levels of melatonin can be an important tool for the normalization of concentration through supplementation available today, both in women with low levels and in women working at night.
